ABSTRACT Central and regional (hepatic, renal, and limb) hemodynamic data are presented for a normal population (n = 16) and for a group of patients with congestive heart failure (n = 64). The patient population represented a wide spectrum of severity of congestive heart failure. Various relationships between central and regional hemodynamics were analyzed. The results indicate that in congestive heart failure blood flow to hepatic, renal, and limb regions is significantly decreased, and that this decrease is proportional and linearly related to the reduction in cardiac output. The vascular resistances of these regions correlated directly with systemic vascular resistance. Changes in renal vascular resistance and renal blood flow became attenuated as the severity of the heart failure advanced from moderate to severe and at higher levels of systemic vascular resistance. There was little to no correlation between systemic blood pressure and liver, kidney, and limb blood flow for the range of systemic pressures studied. Circulation 69, No. 1, 57-64, 1984. HEART FAILURE is accompanied by a variety of compensatory mechanisms (e.g., sympathetic nervous system activation and mechanisms of the renin-angiotensin-aldosterone and vasopressin systems) affecting regional, as well as central, hemodynamics. In general, studies in animals and humans suggest that, in congestive heart failure, there is a redistribution of regional blood flow away from vascular beds sensitive to sympathetic nervous system stimulation (e.g., splanchnic, renal), with a relative increase in the proportion of cardiac output to the more autoregulated vascular beds such as the coronary and cerebral circulations. [1] [2] [3] [4] Regional blood flow measurements in previous human studies have generally been restricted to one organ system. Current methods of bedside cardiac catheterization and techniques that determine blood flow to multiple vascular beds have provided the opportunity to study, in a large population of patients with congestive heart failure, the central and regional hemodynamics in each subject. This investigation was performed to examine the relationships between central hemo- dynamics and regional blood flow in patients with congestive heart failure and in an age-and sex-matched normal control population.
HEART FAILURE is accompanied by a variety of compensatory mechanisms (e.g., sympathetic nervous system activation and mechanisms of the renin-angiotensin-aldosterone and vasopressin systems) affecting regional, as well as central, hemodynamics. In general, studies in animals and humans suggest that, in congestive heart failure, there is a redistribution of regional blood flow away from vascular beds sensitive to sympathetic nervous system stimulation (e.g., splanchnic, renal), with a relative increase in the proportion of cardiac output to the more autoregulated vascular beds such as the coronary and cerebral circulations. [1] [2] [3] [4] Regional blood flow measurements in previous human studies have generally been restricted to one organ system. Current methods of bedside cardiac catheterization and techniques that determine blood flow to multiple vascular beds have provided the opportunity to study, in a large population of patients with congestive heart failure, the central and regional hemodynamics in each subject. This investigation was performed to examine the relationships between central hemo-dynamics and regional blood flow in patients with congestive heart failure and in an age-and sex-matched normal control population.
Methods
Patient population. The congestive heart failure population consisted of 64 patients (54 men and 10 women) with a mean age of 54 + 12 years (range 19 to 69). A wide spectrum of mildto-severe congestive heart failure as defined by clinical and hemodynamic data was represented by this population. Twentyfour patients were classified as functional class IV, 28 as functional class III, and 12 as functional class II (New York Heart Association). Fifty-six patients underwent diagnostic cardiac catheterization within 1 year of being studied. After clinical and laboratory evaluation, 40 patients had congestive heart failure secondary to idiopathic dilated cardiomyopathy, 13 had ischemic cardiomyopathy, five had congestive heart failure after valve replacement for longstanding rheumatic valvular disease, three were judged to have alcoholic cardiomyopathy, and the remaining three patients had hypertensive, peripartal, or doxorubicin-induced cardiomyopathy.
Forty-nine patients were receiving an oral digitalis preparation daily (0.25 mg digoxin in 38 patients and 0.125 mg in eight patients; 0.05 to 0.1 mg digitoxin in three patients). Forty-six patients were receiving 20 to 300 mg oral furosemide daily, eight patients 600 to 1600 mg quinidine sulfate daily, five patients 1500 to 4500 mg oral procainamide daily, two patients 300 to 340 mg oral disopyramide daily, nine patients 20 to 80 mg oral isosorbide dinitrate daily, and four patients were receiving 15 to 30 mg topical nitroglycerin ointment daily. Digitalis and antiarrhythmics were continued throughout the study while furosemide and nitrates were discontinued at least 24 hr before the study.
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Normal subjects. The normal group consisted of 16 subjects (12 men and four women) with a mean age of 51 + 16 years (range 24 to 79). These individuals had an unremarkable history and physical examination, a normal chest roentgenogram, electrocardiogram, and echocardiogram, and normal systolic time intervals.
Written informed consent was obtained from each subject before the study.
Procedures and measurements. All studies were performed while patients were in a 20 to 30 degree recumbant position and postabsorptive state and between 8:00 A.M. and 12 noon.
Central hemodynamic data for the patients with congestive heart failure were obtained with a flow-directed triple-lumencatheter; this catheter was placed in the pulmonary artery 1 day before the study to achieve adequate equilibration. Statistical analysis. A Hewlett-Packard 85 computer and curve-fitting program were used to determine the relationship of cardiac index, systemic vascular resistance, and blood pressure to regional blood flow and regional vascular resistance. Intergroup and subgroup comparisons were made with one-and twoway analysis of variance.
Results
The results of this study are presented in figures 1 through 4. Figure 1 depicts mean ( ± SD) central and regional hemodynamic values for the normal subjects and for the patients with congestive heart failure. The congestive heart failure group was divided into subgroups of those with mild, moderate, and severe disease on the basis of respective cardiac indexes of > 2.5, 2.5 to 2.0, and < 2.0 1/min/m2.
The mean cardiac index in the normal poplation was 3.50 + 0.48 1/min/M2, while that of the entire population with congestive heart failure was significantly re- duced to 2.19 0.47 1/min/m2. The systemic vascular resistance for each congestive heart failure subgroup was significantly elevated above control and above that of each preceding subgroup (figure 1, B).
Figures 2 through 4 illustrate the regional blood flow and vascular resistance data points plotted against central hemodynamic parameters for each individual in this study. Best-fit regression formulas are included in each figure. Table 1 lists the best-and second best-fit formulas for each plot.
Hepatic hemodynamics. The mean hepatic blood flow in the normal subjects was 595 + 116 ml/min/m2. The mean hepatic blood flow for the entire population with congestive heart failure was reduced to 340 + 153 ml/ min/m2 (p < .05). Hepatic blood flow was significantly diminished from control for each of the three subgroups (figure 1, C). Mean hepatic vascular resistance for each congestive heart failure subgroup was significantly elevated above control ( figure 1, D with increasing severity of congestive heart disease, no significant differences were noted between subgroups. A good linear correlation was found between individual cardiac index and hepatic blood flow measurements (figure 2, top left). The relationship of hepatic blood flow to systemic vascular resistance was best described by a logarithmic curvilinear function, with a fairly good negative correlation ( figure 2, bottom left) . Hepatic blood flow correlated poorly with systemic blood pressure (figure 2, top right), but a good positive correlation was noted between hepatic vascular resistance and systemic vascular resistance (figure 2, bottom right).
Renal hemodynamics. Mean renal blood flow in the normal subjects was 607 ± 172 ml/min/m2, while in the population with congestive heart failure it was reduced to 395 + 131 ml/min/m2 (p < .05). Renal blood flow was significantly reduced from control for patients in each congestive heart failure subgroup (figure 1, E). Renal flow was significantly less in the moderate compared with the mild heart failure group, but little difference was noted between the moderate and severe disease subgroups. Renal vascular resistance was increased significantly from control in the moderate and severe heart failure subgroups ( figure 1, F) . The resistance was increased significantly in the moderate compared with the mild failure subgroup and decreased modestly in the severe compared with the moderate congestive heart failure subgroup. For the combined normal and congestive heart failure populations, a positive linear relationship with fair correlation existed between cardiac index and renal blood flow (figure 3, top left). A fair correlation was noted for renal blood flow values and systemic vascular resistance values for the combined normal and congestive heart failure groups; the relationship between these parameters was best described by a logarithmic function (figure 3, bottom left). Little to no correlation existed between renal blood flow and mean systemic blood pressure (figure 3, top right), but a positive correlation was found between renal and systemic vascular resistance (figure 3, bottom right).
Limb hemodynamics. The mean limb blood flow in congestive heart failure of 4.52 ± 1.77 ml/100 ml/min was reduced below the normal mean value of 8.22 ± 3.16 ml/100 ml/min (p < .05). For each congestive heart failure subgroup, limb blood flow was significantly reduced below control and below that in each preceding subgroup of patients with less severe disease ( figure 1, G FIGURE 2. Correlations between hepatic blood flow and cardiac index, systemic vascular resistance, and mean systemic blood pressure and between hepatic and systemic vascular resistances. Best-curve equation, correlation coefficient, coefficient determination, and statistical significance are given for the normal (NL), congestive heart failure (CHF), and combined populations. The regression lines superimposed on the data points represent the regression formulas for the combined normal and congestive heart failure (NL + CHF) populations.
heart failure subgroups ( figure 1, H) . A linear function with a fair-to-good direct correlation described the relationship between cardiac index and limb blood flow for all subjects ( figure 4, top left ). An exponential function curve, with a fair inverse correlation for all subjects studied, described the relationship between limb blood flow and systemic vascular resistance ( figure 4, bottom left) . A poor correlation was found between mean systemic blood pressure and limb blood flow ( figure 4, top right) . Limb vascular resistance showed a fair positive correlation with systemic vascular resistance ( figure 4, bottom right) .
For most of the regression plots, the second best-fit formula comes very close to the best-fit formula in describing the relationship between two parameters (table 1) .
Discussion
This study has demonstrated that in a large population of patients with congestive heart failure, blood flow to hepatic, renal, and limb regions is significantly decreased and that this decrease in flow is proportional and, in general, linearly related to the reduction in cardiac output. Little to no correlation was noted between systemic blood pressure and hepatic, renal, or limb blood flow. It is noteworthy that considerable individual variation in regional blood flow and in regional vascular resistance was observed in normal subjects and in all of the congestive heart failure subgroups studied.
The mean hepatic blood flow in normal subjects (595 ml/min/m2) comprised 17% of their mean cardiac index of 3.5 1/min/m2. Mean hepatic blood flow in the congestive heart failure patients was found to average 340 ml/min/m2, which is 16% of their mean cardiac index of 2.19 1/min/m2. A previous report'3 supports the finding that hepatic blood flow drops in proportion to the drop in cardiac output. However, in the earlier report the larger mean hepatic blood flow in normal subjects (841 ml/min/m2) and in congestive heart failure patients (535 ml/min/m2) accounted for approximately 20% of the cardiac index in each group. The most likely explanation for the increased hepatic flow noted in the prior study is tances for normal subjects and patients in three heart failure subgroups ( figure 1, D, F, and H) , and by plotting regional resistances against systemic vascular resistance (bottom right panels of figures 2 through 4), it appears that regional hemodynamic changes are not quite homogeneous in a degree relative to the severity of heart failure or to the level of systemic vascular resistance. The increase in renal vascular resistance appears to be less for a given increase in systemic vascular resistance at higher levels of resistance (figure 3, bottom right) and as the disease of patients proceeds from moderate to severe ( figure 1, F) . The attenuation of change in renal vascular resistance probably accounts for the observed lack of change in renal blood Vol. 69, No. 1, January 1984 flow as the disease progresses from moderate to severe heart failure ( figure 1, E) , despite a significant drop in cardiac output. This suggests that the sympathetic nervous system,and perhaps other compensatory mechanisms (e.g., renin-angiotensin, vasopressin), play a less dominant role in the regulation of renal blood flow as heart failure becomes more severe. Vascular reactivity to norepinephrine and to nerve stimulation decreases in the animal preparation of congestive heart failure. 19 It is likely that "autoregulation," the mechanisms of which is not yet precisely defined,20 also plays an important role in the attenuation of changes in renal vascular resistance and flow as heart failure worsens.
In flow and resistance changes with increasing severity of heart failure was not apparent for the hepatic or limb circulations. The explanation for this disparity is not provided by this study, but is probably related to differing vascular regulation (e.g., responsivity, regulatory mechanisms, autoregulation) for the various organ systems as the cardiac function changes from normal to severely diseased.
In conclusion, this study has provided mean values for hepatic, renal, and limb blood flow in normal subjects and patients with congestive heart failure. For the heart failure population as a whole, the decline in blood flow to the renal, hepatic, and limb vascular beds was proportional to the decrease in cardiac output. No disproportionate shunting of blood away from these "sympathetically innervated" regions was observed in patients in the resting state. In fact, the magnitude of increase in renal vascular resistance and decrease in renal blood flow appeared to become attenuated as the severity of heart failure evolved from moderate to severe. The findings of this study do not pertain to exercising congestive heart failure patients. Exercise appears to elicit more dramatic alterations in renal, hepatic, and limb blood flow through accentuated changes in systemic and regional vascular resistance and blood pressure.24 17 More pronounced alterations in regional blood flow are also likely to occur in the setting of acute and/or extreme decompensation of cardiac failure. Finally, although central hemodynamics generally correlated with blood flow to the regions studied, there was great variation in the individual blood flow values at each level of cardiac output and systemic resistance, reflecting the complex nature of regional blood flow regulation. This variability does not allow for a very precise prediction, via regression formulas, of regional blood flow from central hemodynamic data alone and vice versa.
